Abstract The behavior of a silver electrode contacting Ce 0.8 Sm 0.2 O 1.9 (samaria-doped ceria or SDC) electrolyte under external cathodic polarization in the temperature range 350-700°C was examined by means of long-term polarization experiments, scanning electron microscopy, and electrochemical impedance spectroscopy. A silver deposit is formed around the silver cathode via a surface migration mechanism without the occurrence of the gas-phase transport phenomenon during polarization. This results in an increase in both the electrode-electrolyte contact area and the triple-phase boundary length, which in turn causes decreases in charge transfer resistance and electrolyte resistance.
Introduction
Research in the field of solid oxide fuel cells (SOFC) is focused nowadays on developing materials suitable for work at an intermediate temperature range (500-700°C). However, lowering temperatures causes an increase in polarization losses on the cathode. One of the methods used to improve the performance of oxide cathodes is the addition of noble metals. Silver shows the best catalytic activity in the oxygen reduction reaction (ORR) [1] , while its price is the lowest among the noble metals. Several composite materials containing silver and oxide cathode material, such as La 0.6 Sr 0. 4 , exhibit much better electrochemical performance than pure oxide material [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Silver is also used for the construction of current collectors and as a sealant. Guo et al. [13] showed that the presence of silver in a current collector had a positive influence on ORR at a BSCF cathode. Su et al. [10] showed that the presence of as little as 2 % Ag significantly reduced the resistance of the electrode and enhanced its catalytic performance in ORR. The disadvantages of silver are a low melting point, high volatility, and susceptibility to migration in the electric field [5, [14] [15] [16] [17] [18] [19] [20] . The problems of volatility and electromigration should become less important at a lower temperature range. Jaiswal and Wachsman [14] reported Ag migration at 625°C under 250 mA bias, leading to depletion of the composite cathode of silver and silver deposition on the surface of the electrolyte. In a similar experiment, performed at 500°C, they observed no changes in the composite electrode structure. Sasaki et al. [21] showed that a composite cathode, Ag-Sc 0.10 Ce 0.01 Zr 0.89 O 2 , did not change upon prolonged polarization at −0.5 V at a temperature of 500°C.
A quasi-point electrode is a powerful tool to study ORR [1, 22, 23] and the migration of noble metals [5, [17] [18] [19] [20] due to its simplified geometry. Jacobsen et al. [24, 25] examined a platinum quasi-point electrode contacting an yttria-stabilized zirconia (YSZ) electrolyte. They reported a decrease (up to two orders of magnitude) in the impedance of the platinum electrode after polarization. This decrease continued for a considerable time. An explanation of this phenomenon was given by Nielsen and Jacobsen [17, 18] , who found metal deposits around quasi-point metal electrodes following negative polarization at 1,000°C for Pt and Pd and at 920°C for silver. As the mechanism of those changes, they suggested sublimation in the case of platinum and silver electrodes and surface transport in the case of palladium electrodes. The migration of silver at 600°C and −0.5 V at the Ag|YSZ and Ag|Gd 0.2 Ce 0.8 O 1.9 interfaces has been reported in papers by Mosiałek et al. [19, 20] , in which the formation of silver deposits with diameters up to 5 mm was observed around quasi-point Ag electrodes after long polarization (up to 18 h). Also, our preliminary results [5] showed that even a brief (10 min) polarization caused significant changes in the impedance of a silver electrode contacting the samaria-doped ceria (SDC) electrolyte. The observed mobility of silver at the silver|solid electrolyte interface may cause problems in the application of silver as a cathode in fuel cells. The goal of this study was to explore ranges of temperatures and potentials applicable in fuel cells in order to find a particular range where this disadvantageous phenomenon does not occur. It would seem that the mobility of silver should be less significant at low temperatures. Therefore, SDC was chosen as an electrolyte because it can be used at relatively low temperatures.
Experimental
The SDC electrolytes were prepared as described in [26] . Wires made of 99.99 % silver, with a diameter of 0.5 mm, were supplied by Mennica Polska S.A. La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF) paste (Fuel Cell Materials) was screen-printed onto the SDC surface, which was then fired for 2 h at 1,100°C with a heating and cooling rate of 1°C min . The set-up for electrochemical measurements was described previously [27] . Polarization experiments of long duration were performed using the Gamry 300 series potentiostat/galvanostat/ZRA and software written for chronoamperometry. All experiments were performed in stagnant air. First, the cell was heated to the predetermined temperature, and the electrode was left at the open-circuit potential to stabilize (usually 30 min). During this time, several impedance spectra were recorded consecutively to check the stability of the electrode. Then the potential was set to the selected value (between −0.005 and −0.5 V vs. the silver reference electrode), and the current was recorded for a predetermined time (up to 60 h, depending on potential and temperature). At the end of the experiment, the heat was switched off, and the system was allowed to cool with the electrode under polarization. Afterwards, SEM examination of the cold electrodes and the electrolyte surface was performed. Impedance spectra were recorded continuously for selected combinations of temperature and potential during polarization at the predetermined time intervals. The frequency range used in the electrochemical impedance spectroscopy (EIS) measurements was from 0.1 or 1 Hz to 300 kHz. The amplitude of the sinusoidal voltage signal was 5 mV. For the analysis of the impedance data, the MINUIT program [28] , based on a complex non-linear regression least-square fitting procedure, was used.
The scanning electron microscope XL30 ESEM (FEI), equipped with an X EDAX GEMINI 4000 system, was used for the study of the morphology as well as for microanalysis of the samples.
To determine the impact of temperature only on the behavior of the investigated Ag|SDC system, a number of reference experiments without polarization were performed.
In this study, hot-stage microscopy was used to visually follow the thermal changes and interactions between Ag and SDC. The measurement was performed with the use of a Leitz type II microscope equipped with a CCD camera in an air atmosphere, from room temperature up to 1,200°C at the heating rate of 3°C min −1 . The images were recorded in steps of 10°C. Temperature measurement error was ±5°C. A ball-shaped sample of Ag was placed on the polished surface of the SDC disk; then the components were placed on an alundum holder inside the furnace.
Results
The influence of temperature on the Ag|SDC interface Determination of the interaction between the two components, i.e., the Ag point electrode and SDC electrolyte, was made by means of the HSM (Fig. 1) . The HSM observations indicate that the interaction between the Ag point electrode and SDC disk started at about 370°C, as manifested by a slight bulge at the SDC electrolyte surface in contact with the Ag sample. The size and the shape of the Ag sample as well as the contact area of two components remained unchanged until the temperature range of 890-895°C was reached. In this temperature range, expansion of the contact area between the base and the Ag ball was observed (Fig. 1c, d ). The temperature 920°C was determined as the melting point of the Ag sample, at which the electrode changed its shape from circular to semicircular (Fig. 1f) .
Scanning electron microscopy observation was also performed for the reference Ag|SDC system without polarization within the same temperature range. No silver deposit was observed around the silver cathode without polarization. Only some small silver particles on the SDC sample were observed as contamination under scanning electron microscopy, especially at temperatures above 600°C (Fig. 2) , probably due to silver evaporation.
The influence of temperature and potential on the growth of silver deposits Setting the electrode to the negative potential resulted in a continuous increase in current (Fig. 3) . After the experiment, a silver deposit was invariably observed around the cathode. The increase in current was observed at all temperatures and overpotentials, even as low as 350°C and 5 mV, respectively; however, at low temperatures or overpotentials, in the initial period, the current first increased, then decreased, then began to increase continuously.
The greater the current flow in the experiments performed at higher temperatures and greater negative potentials, the larger the silver deposits formed on the electrolyte surface. The obvious reason for the increase in current was the formation of the silver deposit (Fig. 4) , which increased both the contact area between the silver electrode and the electrolyte as well as the three-phase boundary (tpb) length, which, in turn, caused the increase in current. Despite similar conditions, the shape of the current-potential curve differed from experiment to experiment. One of the possible reasons for the nonreproducibility of the course of current over time is the nonreproducibility of the initial area of contact between the silver electrode and the electrolyte.
The silver deposits that formed around the location where the cathode contacted the electrolyte are presented in Fig. 4 . The electrolyte surface at the location where the polarized electrode contacted the electrolyte and surrounding area can be divided into five typical regions (see Figs. 4 and 5). Inner region 1 corresponds to the location where the electrode contacted the electrolyte. When the electrode was removed after the experiment performed at the higher temperatures (500-700°C), small pieces of electrolyte were removed together with the electrode, and a hole in the electrolyte, not observed at lower temperatures (350-400°C), became visible (Figs. 4a, b and 5a, b). At this location, energy dispersive Xray (EDX) analysis (see Table 1 ) showed the elemental composition typical for the electrolyte (no silver present). In the region marked 2, silver covered the surface of the electrolyte with a dense deposit. The silver deposit was composed of grains with diameters of a few micrometers, closely covering the surface. Isolated holes in this silver deposit appeared in reogion 3, exposing the electrolyte surface (Fig. 5c ). Region 4 ( Fig. 5d ) consisted of elongated silver islands forming a network on the electrolyte surface. Their thickness varied from 0.5 to 1.2 μm (see the cross-section in the inset in Fig. 5d ). Finally, isolated small silver islands, either circular or irregular in shape, were scattered over region 5 (Fig. 5e) .
In order to define the minimum value of negative polarization which causes silver migration, a series of experiments at 600°C was performed using smaller and smaller negative potentials (−0. 
Electrochemical impedance spectroscopy experiments
Examples of EIS spectra recorded during the polarization of the silver electrode at different temperatures, potentials, and times of polarization are presented in Fig. 6 . The equivalent electrical circuit (EEC) applied for the interpretation of the spectra registered at the temperature 700°C (Fig. 7a) consists of the resistance of the electrolyte (R 0 ), the resistance of the reaction (R 1 ), and the constant phase element (CPE), whose impedance may be expressed by the following equation [29, 30] :
where f is the frequency, f 0 is the frequency of reference (assumed at 1,000 Hz), C 0 is the capacitance at the frequency of reference, and α is a coefficient close to 1 for an ideal capacitor and usually assuming a value between 0.7 and 1.0 in the case of non-ideal capacitance. The same CPE element may represent the diffusional (Warburg) impedance, but the coefficient α in this case is 0.5. All of the spectra registered at the temperature 700°C have the shape of a depressed semicircle.
In all cases, it was possible to fit the impedance data with the equation describing the EEC from Fig. 7a , except for the first spectrum, which was significantly distorted due to rapid changes in electrode impedance over time at the beginning of the experiment. The quality of the fit was characterized by the standard deviation s, calculated from the following equation:
where Z i is the impedance at the frequency number i, and n is the number of frequencies in the impedance spectrum. In all cases, the standard deviation was below 0.01, which means that the assumed EEC describes the measured data well. The quality of fit may be also inferred by visual inspection from Fig. 8 , where the values of impedance, calculated by the fitting program, are marked by empty circles. In the case of spectra registered at 700°C, the coefficient α attained a value between 0.54 and 0.64, which demonstrates the significant participation of the diffusional impedance. Unfortunately, the spectra were rather featureless, and the standard deviation in the case of fitting the EEC from Fig. 7a was practically equal to the precision of the singlefrequency measurement, so no improvement of the fit could be expected by fitting more complicated EECs. Two wellseparated semicircles are visible in the spectra measured at 600°C. The semicircle appearing in the high-frequency range (left part of the spectra in Fig. 6b ) represents the impedance of the electrolyte; the semicircle appearing in the low-frequency range (right part of the spectra in Fig. 6b ) represents the impedance of the interfacial reaction. In all cases, it was possible to fit the impedance data with the equation describing the equivalent electrical circuit from Fig. 7b , except for the first spectrum. In all cases, the standard deviation of the fit was below 0.01, which means that the assumed EEC describes the measured data well. Again, the electrode reaction is represented by a single semicircle; however, in this case, the coefficient α attained a value between 0.70 and 0.89, characteristic rather for a charge-transfer process.
Generally, the impedance of the electrode decreased over time, which is manifested as a decrease in the diameter of the semicircles visible in the spectra over time. Evidently, this is caused by an increase in the area of the electrode and the tpb length. For this reason, the range of frequency was tentatively restricted on the low-frequency side, since one condition for the application of EIS is the stability of the measured system during spectrum acquisition. In the case of the measurements performed at 600°C, the first semicircle was interpreted as the semicircle representing the impedance of the electrolyte; at 700°C, this could have been visible only at a much higher frequency.
In the experiments performed at 500°C, only part of the semicircle connected with the impedance of the electrolyte and only part of the semicircle connected with the electrode reaction are visible, and the impedance data are strongly scattered. Hence, in this case, the EEC from Fig. 7b was also used; however, the errors of the parameters calculated based on the fit were very high. The only impedance parameter that could be determined in the case of the experiments performed at 500°C was the resistance of the electrolyte. Figure 9 shows the example of the comparison of the polarization resistance calculated from the DC measurements as R p =U/I and from the impedance data using the following equation:
for the experiment performed at 600°C under a polarization of −0.2 V. Equation (3) is valid not only for the EECs from Fig. 7b but also for the EEC from Fig. 7a , setting R 2 =0. It can be seen that the agreement between the polarization resistance calculated from DC and AC measurements is excellent, which confirms that the choice of the EEC was correct. For the experiments performed at 700°C, the agreement was poorer, which was probably due to the significant participation of diffusional impedance in the electrode impedance at that temperature, as suggested by the EIS data. The polarization resistance calculated from AC data was 10-15 % higher than the value calculated from DC data. In the experiments performed at 500°C, it was impossible to calculate R p in most cases due to the high scatter of the impedance data. In the case of the EEC from Fig. 7a , the electrolyte resistance R e is equal to R 0 ; for the EEC from Fig. 7b , it can be expressed by the following equation:
Based on Eqs. (3) and (4), it was possible to divide the polarization between the resistance of the electrolyte and the charge transfer resistance of the electrode reaction. An example of such division in the case of the experiment performed at 600°C is presented in Fig. 10 . It can be seen that the ratio of charge transfer polarization decreases with time. Both the decrease in electrolyte resistance and the decrease in charge Fig. 5 SEM (SE) image of the SDC electrolyte surface microstructure with a silver deposit formed around the polarized electrode at −0.5 V and 600°C for 1 h (a-b), together with SEM images of the SDC surface in the characteristic regions marked with the letters (b)-(e). Isolated holes in this silver deposit appeared in region 3, exposing the electrolyte surface (c). Region 4 consisted of elongated silver islands with varied thickness from 0.5 to 1.2 μm (inset) forming a network on the electrolyte surface (d). Isolated small silver islands, either circular or irregular in shape, were scattered over region 5 (e). The locations at which the SEM pictures shown in Fig. 5b-e were recorded are marked in Fig. 5a with the same letters. In Fig. 5d , the microstructure of the cross-section of the presented area is shown in the inset transfer resistance may be ascribed to the increase in the perimeter of the electrode. This progression of change in the ratio of both resistances suggests that charge transfer resistance changes faster with the electrode dimension than with electrolyte resistance.
Discussion
It is still unclear what kind of force moves the silver atoms along the surface. The concept of electron wind impelling the silver atoms to move, proposed by Ho and Huntington [31] , fails to explain the movement of such a large mass, as proved by Mosiałek et al. [19] . Based on the data of Lu and Zhu [32] , Mosiałek et al. [20] showed that the sublimation of silver from the wire electrode cannot explain such massive movement of silver at such a relatively low temperature. This conclusion was confirmed by an experiment in which the current was passed between two LSCF electrodes at a potential difference of 0.5 V, with the silver electrode touching the electrolyte halfway between them, but not connected to the potentiostat. This experiment was performed for over 4 h at 600°C. No silver deposit was found; the current was constant (250 μA) during the whole experiment (Fig. 11a) .
Another possibility is that the negative polarization of the working electrode increases the rate of silver evaporation.
However, the control experiment performed with the twoelectrode set-up showed that after 24 h, no silver deposit had appeared at the surface of the electrolyte when the working electrode was maintained at −0.9 V, but separated from the surface by a small gap so that there was no current flow.
To be sure that the source of silver in the deposit is the working electrode and not the counter electrode or the reference electrode, the experiment was performed at 600°C for 12 h; during which, both electrodes, made of LSCF, were placed on the same side of the electrolyte. In this case, one of the LSCF electrodes served as the counter electrode, the other as the reference electrode. The working electrode was a silver electrode placed midway between the LSCF electrodes. The silver deposit found afterwards on the electrolyte surface was similar to the deposits obtained with the three silver electrodes (Fig. 11b) .
The growth of the deposit is undoubtedly connected with the flow of current; only a few very small crystallites are formed around the electrode when the current does not flow. However, in all experiments, the amount of silver transported from the silver wire electrode to the surface of the electrolyte Fig. 9 Comparison of polarization resistance calculated from the DC (line) and AC (plus sign) data was small in comparison with the charge that had flowed in the system. For deposits formed at higher temperatures and polarizations, it was possible to estimate the mass of the deposit from microscopic observations. This mass was always less than 1 % of the mass calculated from the charge, assuming that the flow of one electron causes the movement of one silver atom. The rate of growth of the deposit is not even proportional to the current density. Simple derivation shows that, had this rate been proportional to the current, it would have increased constantly. Contrary to expectations, in several cases (see Figs. 3a and 12a) , the current stabilized after some time at a constant value, which means that the growth rate of the deposit decreased to zero. This suggests that there is another factor acting opposite to the influence of the current (decreasing the growth rate) whose influence on the current is greater in proportion to the size of the deposit. This potential factor might be evaporation from the deposit, which should be proportional to the deposit area. However, the data from the literature [32] seem to preclude this possibility.
An interesting observation was made during the experiment in which the electrode was polarized alternately by two different negative potentials −0.2 and −0.05 V (Fig. 12a) . Figure 12b shows the course of the current over time during the period when the current was stabilized at a constant value. Following an instantaneous change in potential to the more negative value, one might expect an instantaneous increase in the absolute value of the current, followed by an exponential decay. However, after such an instantaneous increase, the current proceeded to increase continuously. When the potential was reset to the initial value of Fig. 10 The ratio of electrolyte resistance to polarization resistance for 600°C/−0.2 V Fig. 11 The optical microscope image of the SDC electrolyte surface: a the location where the silver electrode touched the electrolyte after 4 h; during which time, the current was passed between two LSCF electrodes at the potential difference 0.5 V; b with the silver deposit formed around the polarized electrode at −0.5 V and 600°C for 12 h Fig. 12 The course of the current over time in the experiment in which the electrode was polarized alternately by two different negative potentials, −0.2 and −0.05 V (a), and the magnification of the plot showing the details of the current changes (b) −0.05 V, the instantaneous fall in the absolute value of current was followed by a slow decrease, instead of the expected exponential increase. If the increase/decrease in current at the constant potential is caused by the increase/decrease in the electrode area, such behavior can be explained, assuming that the actual area of the electrode is the result of the equilibrium between two processes: growth of the electrode area due to the flow of current and shrinkage of the electrode area due to another process (possibly evaporation) whose rate is proportional to the area of the deposit.
Conclusions
There is no way to prevent the migration of silver by lowering overpotential. Silver migration occurs at any negative potential between −0.005 and −0.5 V.
Nor does lowering the temperature help to prevent silver migration. This process occurs at any temperature at which the electrolyte works as an ionic conductor (350-700°C).
There are two processes influencing the growth of the silver deposit. The first causes an increase, the second a decrease, in the deposit mass; the final deposit mass is the result of the balance of both. The increase of the deposit depends on the current flowing in the system: the greater the current, the bigger the deposit. The decrease in the deposit mass seems to be roughly proportional to its surface area.
Silver is transported from the cathode to the surface of the electrolyte by surface migration, not by the gas phase; however, the reason for the mobility of silver on the surface of an oxide electrolyte is still unclear.
